Ultrasound imaging utilizes the interaction of sound waves with living tissue to produce an image of the tissue or, in Doppler-based modes, determine the velocity of a moving tissue, primarily blood. These dynamic, real-time images can be analyzed to obtain quantitative structural and functional information from the target organ. This versatile, noninvasive diagnostic tool is widely used and accepted in human and veterinary medicine. Until recently, its application as a research tool was limited primarily to larger, nonrodent species. Due to advances in ultrasound imaging technology, commercially available ultrasound systems now have the spatial and temporal resolution to obtain accurate images of rat and mouse hearts, kidneys, and other target tissues, including tumor masses. As a result, ultrasound imaging is being used more frequently as a research tool to image rats and mice, and particularly to evaluate cardiac structure and function. The developing technology of ultrasound biomicroscopy has even greater spatial resolution and has been used to evaluate developing mouse embryos and guide site-specific injections into mouse embryos. Additional ultrasound imaging technologies, including contrast-enhanced imaging and intravascular ultrasound transducers adapted for transesophageal use, have been utilized in rats and mice. This paper provides an overview of basic ultrasound principles, equipment, and research applications. The use of noninvasive ultrasound imaging in research represents both a significant refinement as a potential replacement for more invasive techniques and a significant advancement in research techniques to study rats and mice.
Introduction
U ltrasound imaging encompasses a wide range of imaging modes and techniques that utilize the interaction of sound waves with living tissues to produce an image of the tissues or, in the case of Doppler-based modes, determine a velocity of a moving tissue, primarily blood. Ultrasound imaging is a versatile, well-established, and widely used diagnostic tool in human and veterinary medicine. Its diagnostic applications include noninvasive imaging to characterize the structure, and in some applications the function, of target organs or masses, minimally invasive endocavity imaging with transesophageal and transrectal probes, and invasive imaging with intravascular probes. Before the early 1990s, research applications of ultrasound were limited primarily to larger animal species such as dogs, pigs, sheep, calves, and nonhuman primates. Advances in ultrasound imaging technology during the last decade have made it possible for commercially available medical ultrasound systems to obtain accurate and reliable images of rat hearts (Burrell et al. 1996; Cittadini et al. 1996; Forman et al. 1997; Litwin et al. 1994) , mouse hearts (Scherrer-Crosbie et al. 1999a; Tanaka et al. 1996) , and other target organs in rodents (Banic et al. 1993; Winters et al. 1997) . Specialized ultrasound biomicroscopy systems have been developed to image fetal mouse hearts and organs Foster et al. 2000; Turnbull 1999; Turnbull et al. 1995; Srinivasan et al. 1998 ) and have been used to obtain highresolution images of mouse tumors (Turnbull et al. 1996) . Additionally, ultrasound imaging has been used to visualize and guide injections into target organs (Soots et al. 1998) , including mouse embryos (Liu et al. 1998; Olsson et al. 1997) , and to aid in the targeted delivery of compounds and viral constructs to specific target organs using contrast microbubbles (Mukherjee et al. 2000; Shotet et al. 2000) . As a research tool, noninvasive ultrasound imaging represents not only a refinement in technique, but also a significant advancement in the ability to evaluate and quantitate target organ structure and function in rodent species.
This article provides an overview of basic ultrasound imaging principles, equipment, and common imaging for-mats including brightness mode (B-mode 1 ), motion mode (M-mode 1 ), spectral Doppler, and color Doppler. Ultrasound biomicroscopy (UBM 1 ), contrast-enhanced imaging, and transesophageal echocardiography (TEE 1 ), three specialized ultrasound imaging techniques that have been used in rat and mouse research, are also reviewed. In light of the need to phenotype as well as obtain quantitative research information from genetically engineered mice, and the fact that the majority of animals used in research are rats and mice, the topics presented herein specifically focus on rat and mouse imaging. Examples of specific research applications are included in the overview of the imaging formats and specialized imaging techniques to help illustrate how ultrasound imaging is being used in research involving rats and mice.
Basic Ultrasound Imaging Principles, Equipment, and Imaging Formats
Ultrasound imaging principles, equipment, and imaging formats have been covered extensively in textbooks and numerous reviews. Furthermore, an encompassing overview of the subject is beyond the scope of this manuscript due to the variety and complexity of systems, techniques, and formats available, many of which are not useful for rodent imaging. Instead, the goal here is to provide a simplified overview of ultrasound imaging principles, equipment, and formats focusing on the considerations that are important when imaging rats and mice.
Basic Ultrasound Imaging Principles
Ultrasound refers to sound waves that are not detectable by the human ear with frequencies greater than 20,000 cycles/ sec (Hz). Diagnostic ultrasound commonly uses frequencies between 2 and 15 MHz (10 6 cycles/sec). Intravascular transducers commonly use frequencies up to 30 MHz, and ultrasound biomicroscopy systems with transducers using frequencies up to 100 MHz have been reported Turnbull et al. 1995) . At these frequencies, sound waves are transmitted though soft tissue relative to the acoustic impedance of each tissue. The acoustic impedance of a particular tissue is the product of the transmission velocity of sound and the tissue density. The transmission velocity in most soft tissues and blood is nearly uniform at 1540 m/sec (Merritt 1998) . Therefore, the acoustic impedance of most soft tissue is primarily a function of the tissue density. When two tissues with different densities are located next to each other, an acoustic impedance mismatch is created and sound waves are reflected by the mismatch.
The greater the acoustic mismatch or difference in tissue densities, the more sound waves are reflected and returned to the transducer. Areas with relatively large tissue density differences, and hence more reflected sound waves, are generally seen as brighter areas on the final image. As a result of these properties, ultrasound imaging is best suited for soft tissue imaging and is often limited by bone-and gas-filled structures. Sound is transmitted rapidly through bone tissue. Conversely, sound is poorly transmitted through air and airfilled structures. The large acoustic impedance mismatch that occurs at bone and gas interfaces with soft tissue causes the majority of sound waves to be reflected. This large reflection decreases sound wave penetration into deeper tissues and can cause imaging artifacts. Despite this limitation, specialized techniques have been developed to perform transcranial Doppler imaging of the cerebral vasculature in humans and dogs (Seidel et al. 2000) .
Resolution, or the ability to distinguish two closely situated structures or events accurately, is an important concern for all imaging methodologies. However, resolution becomes even more important when imaging small targets such as rat and mouse organs. For example, the left ventricular (LV 1 ) chamber diameter of a mouse heart is 2 to 3 mm and the LV posterior wall is approximately 0.6 mm thick at end diastole (Tanaka et al. 1996; Yang et al. 1999) . In rodent ultrasound imaging, both spatial and temporal resolution must be considered. Spatial resolution is further divided into axial and lateral resolution.
Axial resolution is the ability to distinguish two separate but closely positioned structures situated parallel to the propagation axis of the ultrasound beam. Axial resolution is dependent on sound wave pulse length and frequency (wavelength). Two structures will be seen as separate structures only if the pulse length is shorter than the distance between the structures. If the pulse length is longer than the distance between the structures, only a single reflection will be detected and the image will show only one structure. Higher frequency sound waves have shorter pulse lengths and generally greater axial resolution.
Lateral resolution refers to the ability to distinguish two adjacent but separate structures oriented perpendicularly to the axis of the sound wave beam. Lateral resolution is dependent on beam width and sound wave frequency (Merritt 1998; . Narrower beam width provides greater lateral resolution. Beam width can be minimized by focusing the sound waves as they are produced by the transducer. In most ultrasound systems, beam focusing is performed by curving the elements of the transducer or by electronically controlling the elements of the transducer. Lateral resolution is also influenced by the frequency of the sound wave, with higher frequencies generally improving resolution.
Because axial and lateral resolution improves with increasing frequency, higher frequency transducers are generally preferred for rat and mouse imaging. Rat hearts have been imaged using a variety of ultrasound systems with transducers operating at frequencies from 5 to 12 MHz (Behr et al. 2000; Haas et al. 1995; Isgaard et al. 1997; Litwin et al. 1994 Litwin et al. , 1995 . Transducers that image at frequencies above 9 MHz are commonly used to image mouse hearts (Hoit et al. 1997; Scherrer-Crosbie et al. 1999a; Tanaka et al. 1996) . Utilizing very high frequencies and narrow beam widths, UBM systems with 40-to 60-MHz transducers can have spatial resolution approaching 50 µm . One limitation of using higher frequencies is that as the frequency increases, sound wave penetration decreases. For example, a 5-MHz transducer will generally image to a depth of 12 to 15 cm, but a 10-MHz transducer may image to a depth of only 3 to 4 cm. Higher frequency UBM systems may penetrate only 1 to 2 cm. Hence, increasing axial and lateral resolution by increasing frequency limits the depth of penetration. Although this effect has a potential impact on transducer selection, it has minimal impact on imaging rats and mice because most of the target organs are generally within the penetration depth range (0.5-2 cm) of the higher frequency transducers. In larger species, this relation does influence transducer selection. A higher frequency transducer that could be used to image small nonhuman primates, such as marmosets, may not have the depth of penetration to image pigs or adult beagles.
Temporal resolution, or the ability to distinguish two events in time, is an important consideration when imaging rat and mouse hearts due to their fast heart rate (400-600 beats/min for the mouse, 300-500 beats/min for the rat). Temporal resolution is determined by the number of image frames that can be acquired per second, generally expressed in Hertz (Hz) or cycles per second. The importance of temporal resolution becomes evident when the number of images acquired per cardiac cycle is evaluated. For example, at a heart rate of 300 beats/min, an acquisition frame rate of 30 Hz (30 image frames/sec) would result in only six images/cardiac cycle. Moreover, each image frame would be acquired over 17% of the cardiac cycle, making the accurate determination of absolute end diastole and end systole difficult. In contrast, imaging a mouse heart beating at up to 600 beats/min with a frame rate of 150 Hz would acquire 15 frames over one cardiac cycle, greatly enhancing the temporal resolution. Several commercially available ultrasound systems can acquire at frame rates of 120 to 600 Hz. Although UBM offers greater spatial resolution, currently available systems have low imaging frame rates (5-10 Hz) and relatively poor temporal resolution for cardiac structures. The temporal resolution is not as critical when imaging target organs that are relatively nonmoving, such as the kidney.
Equipment
The basic components of all ultrasound systems include a central processing unit (CPU 1 ) or computer, a transducer (or several different transducers depending on the applications), a monitor, and a system to store the images. The CPU controls and processes the majority of the functions of the ultrasound system. It is responsible for the input to the other components such as the transducer and monitor. It also receives and analyzes electronic input from the transducer ultimately to construct the image. The CPU provides the tools for analyzing and obtaining quantitative measurements from the images. It can also serve as a temporary storage system for images. All ultrasound systems have a CPU; however only the most recent generation ultrasound systems have the computing capabilities and speed needed for highresolution imaging at the high frame rates that are essential for imaging mouse hearts. These systems also have fully digital image processing capabilities. One advantage of the latest generation of ultrasound systems is that they can be upgraded easily by installing software as technology advances, rather than requiring purchase of an entirely new system.
The transducer is essentially the "working arm" of an ultrasound system. It produces the sound waves and receives reflected sound waves. Transducers contain piezoelectric crystals that vibrate when exposed to small electrical currents, thereby producing the sound waves. These crystals also produce small electrical currents when they are deformed by reflected sound waves. Sound waves produced by these crystals are focused into a beam and transmitted through the soft tissues of the body and target organ. The transducer then pauses for a short period of time to receive the reflected sound waves. Each tissue through which the sound waves pass has a slightly different acoustic impedance, which is relative to the density of the tissue. At the interface of two different tissues, an acoustic impedance mismatch occurs, and some sound waves are reflected. These reflected sound waves interact with the piezoelectric crystals in the transducer to produce a small current. These electrical signals are processed by the CPU, and the image is constructed and displayed on a monitor.
A wide variety of transducers are available for each commercial ultrasound system. Transducers are most commonly "hand held," but they can be located on the tip of a catheter for intravascular applications or on a stationary arm for UBM. The application of these transducers varies with the working frequency range and the crystal element design. Multielement linear and phased array transducers are most commonly used in imaging rodents. In certain imaging applications, more than one transducer may be needed to capitalize on the strengths and capabilities of each transducer. Understanding the capabilities and limitation of each transducer is critical in obtaining high-quality accurate images. In general, it is advisable to use the highest frequency transducer that will penetrate to the depth of the target structure (Merritt 1998) .
Image storage systems can vary greatly between ultrasound systems. Prior to ultrasound systems with fully digital image processing capabilites, videotape and printed copies of the images were the common storage media. State-of-theart systems store a limited number of images digitally; however, the images still must be transferred to another computer system, such as a workstation, or stored on magneto-optical diskettes. The process of digital storage and archiving of images allows for easier retrieval and analysis of images and does not subject the images to the loss of resolution that occurs when they are stored on videotape. With digital image storage, image analysis can be performed using the ultrasound system or a compatible workstation.
Numerous ultrasound systems, each with several transducer and software options, are readily available from several manufacturers. However, only a few systems have been used to image rats and mice. Commercially available ultrasound systems and transducer frequencies that have been used to image rats and mice and have been cited in published manuscripts are listed in Table 1 . In general, the latest generation of ultrasound systems with higher frequency transducers (higher spatial resolution) and high-imaging frame rates are those most capable of imaging rats and mice.
Imaging Formats

B-Mode or Two-dimensional Imaging
The most common imaging format for general use is B-mode, in which the image is constructed and displayed on the monitor as a gray-scaled, two-dimensional (2-D 1 ) image or crosssection of the target organ that is moving in real time ( Figure 1 ). Hence, it is also commonly referred to as 2-D or real-time ultrasound. The resulting "real time" image incorporates information about the target organ structure as well as motion and function. 2-D imaging has been used to determine target organ size and appearance and, if the acquisition frame rate is sufficient to provide accurate temporal resolution, to determine changes in target organ size over time and assess function. 2-D imaging has been used to evaluate LV structure and function in rats (Bing et al. 1995) and mice (Pollick et al. 1995; Scherrer-Crosbie et al. 1999a) . In these studies, LV chamber dimensions were determined at end diastole and systole and were used to calculate cardiac function parameters such as stroke volume, cardiac output, ejection fraction, and fractional shortening. Reconstruction of three-dimensional (3-D 1 ) volumes using multiple 2-D images has been described for numerous species, including the mouse (Scherrer-Crosbie et al. 1999a) . This 3-D volumetric reconstruction of the mouse LV was validated by correlating the calculated stroke volume and cardiac output with values obtained using an implanted aortic flow probe. LV mass has also been calculated using 2-D images and has been validated for mice (Youn et al. 1999) .
Although the most common application of 2-D imaging in rats and mice has been in evaluating cardiac structure and function, it has also been used to evaluate other target organs. 2-D imaging has been used to evaluate renal structure in an autosomal recessive polycystic kidney disease model in mice (Winters et al. 1997) . It also has been used for ultrasoundguided injection of recombinant adenovirus in rabbits (Weig et al. 2000) and ultrasound-guided renal biopsy in rats (Soots et al. 1998 ). In addition, 2-D imaging is used as a "guidance" system for other imaging formats, such as M-mode and spectral and color flow Doppler, and enables the operator/ sonographer to optimize positioning in these formats.
M-Mode
M-mode is commonly used in imaging the heart or echocardiography. An M-mode echocardiogram is obtained with a single ultrasound beam transmitted through the heart or target tissue, and the resulting image is displayed over time. An M-mode echocardiogram has depth on the Y axis and time on the X axis. It can be conceptualized as an "ice-pick" view of the heart displayed in motion across time (Figure 2) . In M-mode imaging, the ultrasound beam width is minimized, and acquisition frame rates generally increase, resulting in an increase in spatial and temporal resolution compared with 2-D imaging. Information that can be obtained from an M-mode echocardiogram includes LV wall thickness and chamber dimensions at various time points throughout the cardiac cycle, but most commonly at end systole and diastole (Figure 3 ). M-mode echocardiograms have been used to assess LV structure and function in rats (Burrell et al. 1996; Cittadini et al. 1996; Forman et al. 1997; Litwin et al. 1994 Litwin et al. , 1995 Pawlush et al. 1993 ) and mice (Fentzke et al. 1997; Gardin et al. 1995; Manning et al. 1993; Pollick et al. 1995; Tanaka et al. 1996) . End diastolic and end systolic volumes can be calculated from the measured LV chamber dimensions and used to quantitate LV function using stroke volume, cardiac output, and percent ejection fraction. These calculations are based on geometric assumptions regarding the shape of the ventricle. If the ventricle changes shape between evaluations or the geometric assumption is incorrect for the shape of the ventricle, the calculated values can be inaccurate. The use of M-mode echocardiography-derived measurements to quantitate LV mass has been validated in the rat (de Simone et al. 1990 ) and mouse (Manning et al. 1994) .
Both 2-D and M-mode have been used to evaluate cardiac structure and function in genetically engineered mouse models (Christensen et al. 1997; Esposito et al. 2000; Lim et al. 2000; Mor-Avi et al. 1999; Takeishi et al. 2000; Vatner et al. 2000) , naturally occurring and induced models of cardiac hypertrophy and heart failure in rats and mice (Gao et al. 2000; Haas et al. 1995; Inoko et al. 1994; Litwin et al. 1994; Patten et al. 1998; Pawlush et al. 1993; Schwarz et al. 1998a; Tanaka et al. 1996) , and pharmacological effects of various agents in some of these models (Behr et al. 2000; Isgaard et al. 1997; Lim et al. 2000; Litwin et al. 1995; Mulder et al. 1998) . Both formats acquire and display images of 3-D structures in a 2-D format. As a result, the LV volumes and mass are calculated using measurements of structures from two or more 2-D images or a single M-mode echocardiogram. These mathematical calculations are based on assumptions regarding the geometry of the left ventricle.
The approach described above has been well documented for echocardiography (Vuille and Weyman 1994) and is applicable until the shape of the target organ changes to the degree that the geometrical assumptions are no longer valid. M-mode-derived volume and mass calculations are particularly susceptible to this type of error because they are based on a single measurement from a single point through the ventricle and do not include a ventricular length measurement. Volume and mass calculations utilizing multiple measurements from multiple 2-D images to mathematically reconstruct ventricular volumes and mass are less vulnerable to the influences and errors associated with the geometric assumptions. This approach has been used to perform 3-D mathematical reconstruction of the LV volumes and mass for mice (Scherrer-Crosbie et al. 1999a; Youn et al. 1999 ). This approach can be more accurate than calculating ventricular volumes from single 2-D or M-mode image, but it can be influenced by inaccurate registration of adjacent 2-D images. One approach for solving these problems is to acquire volumetric 3-D images (Arbeille et al. 2000; Shiota et al. 1999 ). 3-D image acquisition systems have been developed; however, at the time of this writing, none have the spatial or temporal resolution to be used in rats and mice.
Doppler Imaging
Spectral Doppler and color flow Doppler imaging modes utilize the Doppler shift principle to determine blood flow velocity and direction. With respect to ultrasound imaging, the Doppler effect is the apparent shift in sound wave frequency that occurs when a sound wave is reflected by a moving target-primarily blood cells. If the blood cells are flowing toward the transducer, the frequency of the reflected waves is higher than the original transmitted waves. If the blood is flowing away from the transducer, the frequency of the reflected waves is lower than that of the original transmitted waves. This difference in transmitted and reflected wave frequency is the "Doppler shift" (Merritt 1998 ). The greater the Doppler shift, the greater the velocity of the flow blood. The Doppler shift is affected by the alignment of the ultrasound beam and the flowing blood. As this alignment diverges from parallel, the detected Doppler shift is attenuated. As a result of this relation, it is important to orient the ultrasound beam as parallel as possible to the direction of flow or movement. In most situations, completely parallel alignment is not possible, so it has been recommended that the alignment be no greater than 20 to 30° from parallel. Even this angle of alignment is often difficult to obtain, especially when imaging peripheral vessels, and mouse and rat hearts. Angle correction is used in some situations. The angle between the flow axis and the ultrasound beam (incident angle) is used in the Doppler calculation to correct for the attenuation of the Doppler shift (Merritt 1998) .
Spectral Doppler displays the velocity within a specific region within a vessel over time (Merritt 1998 ). The result is a velocity profile (Figure 4) . Spectral Doppler can be either Figure 4 Mitral inflow velocity profile obtained from a spontaneously hypertensive-stroke prone (SHR-SP) rat using pulsed wave spectral Doppler. The velocity profile is obtained from blood flowing within the sample region shown on the two-dimensional image. The velocity (cm/sec, Y axis) of the blood flowing through the sample region is shown over time (msec, x axis). The early (E) velocity peak that occurs during left ventricular relaxation and the atrial (A) velocity peak that occurs during atrial contraction are evident. (Images obtained using HDI5000cv, L12-5 transducer, ATL Ultrasound, Bothell, Washington.) pulsed wave or continuous wave. In pulsed wave Doppler, a single transducer produces and transmits the sound waves and then receives the reflected sound waves, whereas in continuous wave Doppler, one transducer produces and transmits the sound waves and a second transducer detects the reflected sound waves. One advantage of pulsed wave Doppler is that it allows the determination of the velocity profile from a precise location (range resolution) using a 2-D image for guidance and then obtaining the velocity from a specific area or "sample volume." However, the maximum flow velocity that can be accurately detected by pulsed wave Doppler is limited. In contrast, continuous wave Doppler can detect higher flow velocities than pulsed wave Doppler but is not capable of range resolution.
The flow velocity profile obtained from both pulsed and continuous wave Doppler can be analyzed to provide various parameters that are used to evaluate cardiac or peripheral vasculature functions (Feigenbaum 1994 ). Hartley and colleagues (1995) used a 20-MHz pulsed wave Doppler system to obtain blood flow velocities from the ascending aorta of mice and to evaluate cardiac function using peak systolic velocity and acceleration times. Similar techniques have been used to demonstrate cardiac function differences in hyperthyroid mice (Taffet et al. 1996) and hemodynamic alterations in apolipoprotein E knockout mice (Hartley et al. 2000) . One limitation of this system is that it lacks 2-D imaging capabilities for accurate range resolution to guide placement of the Doppler sample volume. This limitation requires aiming the transducer toward the target flow area or vessel and moving it until the proper waveform is identified.
Transmitral flow velocity profiles have been used to evaluate diastolic function in humans (Choong 1994) . Similarly, transmitral flow velocity profiles have been obtained from rats (Forman et al. 1997; Litwin et al. 1994 ) and mice (Pollick et al. 1995; Taffet et al. 1996) . The resulting early filling waves (E waves 1 ) and atrial contraction filling waves (A waves 1 ) were measured and the E:A ratio used to estimate LV relaxation. Although this approach to evaluating LV relaxation has been reported for rats and mice, it is complicated by the evidence that at normal resting heart rates for rats and mice, the E and A waves are commonly fused. Sjaastad and coworkers (2000) report that transmitral E and A wave separation is heart rate dependent in the rat, and that the waves fuse at heart rates faster than 320 beats/min.
Blood flow or stroke volume can also be calculated as the product of the cross-sectional area (cm 2 ) of the vessel or outflow tract and the velocity-time integral (cm/sec) derived from the flow velocity profile. This calculation has been used to estimate cardiac output and stroke volume in rats ) and mice (Hartley et al. 1995) . One potential advantage of using spectral Doppler flow velocity to calculate stroke volume and cardiac output is that it does not rely on mathematical calculations based on geometric assumptions about the shape of the ventricle. For this reason, it is relatively independent of the LV geometry, which may change during the course of an experiment or be different in different animal models. However, the difficulty in obtaining consistent, near-parallel alignment of the sound waves with the aortic outflow often limits the application of this technique.
Color flow Doppler represents a color-encoded map of flow velocity and direction superimposed on a 2-D image ( Figure 5 ). One color from a preset color flow map is assigned to a flow velocity and direction. These images display the velocity and direction of the blood flow in the specific target structure in real time. Diagnostically, color flow maps have been used to evaluate valvular competency and valvular regurgitation in the heart and to evaluate turbulence in peripheral vessel flow at sites of stenosis or vessel damage. Research applications of color flow maps have been limited, especially in rodents. Mitral regurgitation in rats (Forman et al. 1997 ) and aortic regurgitation in the mouse (Pollick et al. 1995) have been detected using color flow Doppler. Color flow Doppler may be useful in phenotyping genetically altered mice.
In addition to the four basic imaging formats and modes described above, ultrasound offers numerous specialized imaging formats and techniques that are used routinely in diagnostic imaging. Many of these formats have not been applied or shown to be useful in imaging rats and mice. However, three techniques-UBM, contrast-enhanced imaging, and TEE-have been used successfully in imaging rats and mice. Potential sources for UBM and TEE equipment and contrast agents are listed in Table 2 .
Ultrasound Biomicroscopy
Ultrasound biomicroscopy utilizes ultrasound imaging to visualize tissue at microscopic resolution. It has also been termed ultrasound backscatter microscopy and high-or very high-frequency ultrasound imaging. Ultrasound biomicroscopy technology and applications have been reviewed . These systems commonly use single-element mechanical transducers that operate at frequencies of 30 to 100 MHz. UBM is capable of acquiring images using 2-D B-mode, pulsed and continuous wave Doppler, and color flow Doppler. Although most of these systems are custom made for specific research applications, systems are also available commercially. Ultrasound biomicroscopy transducers with frequencies of 30 to 100 MHz have been reported to have axial resolution ranging from 60 to 19 µm and lateral resolution ranging from 250 to 60 µm . Doppler imaging resolution is also enhanced using highfrequency sound waves. Goertz and colleagues (2000) have shown that UBM color flow Doppler is capable of detecting flow in arterioles between 15 and 20 µm in diameter in the mouse ear. Despite the greatly improved spatial resolution, these systems have limited temporal resolution and depth penetration. With imaging frame rates of 5 to 10 Hz and depth of penetration often limited to 2 to 10 mm, cardiac imaging applications in adult rats and mice are restricted.
Clinical applications for UBM include ocular and dermal imaging Pavlin and Foster 1995) . Highresolution UBM images of the cornea and anterior chamber structures have been used to evaluate corneal disease and trauma, anterior segment tumors, and glaucoma Silverman et al. 1995) . In the research setting, color flow maps of the vasculature of the rabbit eye, including the arterial circulation of the anterior ciliary body, ciliary processes, and iris, have been produced using UBM (Kruse et al. 1998) . In this study, flow velocities as low as 0.2 mm/sec were detected in vessels as small as 40 µm in diameter. Ocular UBM has also been used to evaluate hereditary glaucoma in inbred DBA/2J mice (John et al. 1998) .
Dermal UBM has been used to determine skin thickness and wound healing (Hoffman et al. 1993) , assess dermal blood flow (Christopher et al. 1997) , and define tumor margins (Harland et al. 1993) . The progression of implantable murine melanoma tumors in C57/BL/6 mice has been studied using similar techniques (Turnbull et al. 1996) . Considerable effort is being made to advance this technology to evaluate tumor angiogenesis, produce 3-D flow maps, and quantitate blood flow across tumor areas .
Fatkin and colleagues (1999) used 2-D UBM imaging to evaluate cardiac structure in neonatal transgenic mice that developed a progressive dilated cardiomyopathy. Srinivasan and coworkers (1998) used UBM to image living mouse embryos in utero and follow the development of cardiac structures as well as changes in blood flow velocities in the heart and umbilical artery. This technique might be useful in determining embryological development in genetically manipulated mice as well as during exposure to novel compounds. UBM has also been used to guide the injection of cells and retroviruses into specific locations of developing mouse embryos (Gaiano et al. 1999; Liu et al. 1998; Olsson et al. 1997 ).
Contrast-enhanced Ultrasound Imaging
Microbubbles filled with inert gas are used as ultrasound contrast agents. Because sound waves are highly reflected from gas-filled structures, these microbubbles increase the amount of sound waves returning to the transducer and increase the signal-to-noise ratio. Contrast agents can be used to enhance 2-D as well as spectral and color Doppler imag-ing. In the most simple applications, these contrast microbubbles have been used to improve visualization of target organs and cardiac chambers. Mor-Avi and colleagues (1999) describe the use of contrast imaging to improve visualization of endocardial borders of the left ventricle in mice. Contrastenhanced imaging has also been used to evaluate perfusion of tissues, commonly myocardium and tumors. ScherrerCrosbie and coworkers (1999b) report the use of contrast echocardiography to evaluate myocardial perfusion after coronary artery ligation in mice. In this study, perfusion deficits were imaged in all mice after coronary artery ligation, and the deficit size determined by contrast imaging was significantly correlated with the nonperfused area determined by Evans blue staining.
Contrast agents also react to the sound waves they encounter. High-energy sound waves can rupture the microbubbles. This property of ultrasound-mediated destruction of microbubbles has been used for targeted delivery of compounds to specific organs or locations. It has also been used to enhance the transfection of myocardial cells with adenovirus-linked transgenes. Shotet and colleagues (2000) report that targeted ultrasound-mediated destruction of microbubbles coated with recombinant adenovirus containing a beta-galactosidase and constitutive promoter increased myocardial transfection and beta-galactosidase activity compared with nondisrupted microbubbles and viral construct infusion.
TEE
TEE is an established technology in human diagnostic imaging. Due to the close apposition of the esophagus, heart, and great vessels, TEE provides an ideal window for cardiovascular imaging because there is little attenuation of the sound waves by lung and other tissues. All of the commercially available TEE transducer systems have diameters too large for use in rodents. A full-function (2-D, M-mode, and spectral and color Doppler) 10 French (3.2-mm) diameter intracardiac catheter system has recently become available and adapted for transesophageal echocardiography in rabbits (Bruce et al. 1999) . Despite this success in transesophageal echocardiography in rabbits weighing 400 to 3400 g, the use of this catheter system in smaller rats and mice has not been demonstrated.
To take advantage of the transesophageal window and improve imaging of the right ventricle and great vessels in rats and mice, TEE has been performed using high-frequency, intravascular transducers (Kupferwasser et al. 1998; Scherrer-Crosbie et al. 1998; Schwarz et al. 1998b ). These intravascular ultrasound transducers operate at higher frequencies (20-30 MHz) than most commercially available transthoracic transducers and are located at the tip of a catheter. In mice, TEE using a 3.5 French (1.1-mm) diameter 30-MHz intravascular transducer has been used to determine right ventricular diastolic and systolic volumes, assess stroke volume and cardiac output, measure right ventricular wall thickness , and demonstrate right ventricular hypertrophy in response to hypoxia. This technique has also been used to demonstrate that mice congenitally deficient in endothelial nitric oxide synthase exhibit greater right ventricular hypertrophy in response to hypoxiainduced pulmonary hypertension . A similar intravascular transducer was used to evaluate vegetative lesions on the aortic valves of rats serially (Kupferwasser et al. 1998) . In this study, the vegetative lesions measured using TEE correlated well with the size of lesions measured postmortem. TEE using intravascular transducers has also been used to evaluate LV structure in rats. Lu and colleagues (1997) reported good correlation between LV structure and mass determined by TEE using an 8 French 20-MHz intravascular transducer and transthoracic 2-D echocardiography. In contrast, Schwarz and coworkers (1998b) reported that TEE using a 6 French 20-MHz intravascular transducer provided only semiquantitative images because the apical portion of the left ventricle could not be visualized. These authors further concluded that noninvasive transthoracic echocardiography provided better quality and more quantifiable images. The cause of the disagreement regarding the utility of TEE to evaluate LV structures can only be speculated upon but may be due to differences in the transducers and the depth of penetration capabilities. One limitation of using intravascular catheter-tipped transducers for TEE is that these transducers commonly have lower imaging frame rates and therefore lower temporal resolution than is commonly obtained using transthoracic echocardiography. Despite the apparent disagreement about the utility of TEE to evaluate LV structures in the rat, TEE provides better images of the rat aorta and atria.
Advantages and Disadvantages of Ultrasound Imaging
As with any technology used in research, ultrasound imaging has advantages and disadvantages. A significant advantage of ultrasound imaging over other research techniques is that it is noninvasive. Its advantages over other imaging techniques relate to its capability, versatility, portability, safety, and economic feasibility. Commercially available ultrasound imaging systems are capable of spatial resolution approaching that of magnetic resonance microscopy as a result of advances in transducer and computing technology. These same advances have also increased temporal resolution such that accurate imaging of mouse hearts is feasible. Ultrasound biomicroscopy further increases the spatial resolution of these noninvasive imaging systems and presents great potential to adapt and apply this technology to many research applications, especially in mice. Ultrasound imaging captures dynamic, real-time images that can be analyzed to obtain quantitative structural and functional information from many different target organs.
This real-time format gives ultrasound imaging particular advantage in imaging moving targets such as the heart and blood. Its utility in rat and mice echocardiography is evident from the numerous publications cited. Its multiple imaging modes and formats add to its versatility as well as its capability and adaptability. Other than possibly magnetic resonance microscopy, no other technique can provide the same structural and functional information that can be obtained by ultrasound imaging. Imaging a mouse heart, after proper training and sufficient practice, is easier than implanting aortic flow probes or sonomicrometer crystals.
Because ultrasound imaging is noninvasive and a wellaccepted human diagnostic tool, it can be used on most species utilized in research, from mouse to humans, including developing embryos. This versatility allows it to serve as a bridge technology in which the procedures and techniques used in human medicine or human clinical trails can be essentially the same as those used in animal studies. In addition, many of the techniques used for echocardiography in rats and mice are based on those currently used in human echocardiography. Within the frequencies used for imaging, ultrasound is accepted as safe and harmless to tissues and living organisms. Furthermore, the contrast agents employed do not require ionizing radiation and have been shown to be safe for use in human medicine. Commercial ultrasound systems are compact and portable. The current generation of ultrasound systems can be upgraded easily by installing new software, rather than replacing the entire system. Compared with most other imaging technologies, ultrasound imaging systems are far less expensive and do not require specialized facilities or renovations.
Ultrasound imaging also has limitations and disadvantages as a research tool. One particular limitation is that it requires the knowledge and expertise of a well-trained and skilled operator/sonographer (hereafter referred to as operator) to obtain accurate, repeatable, high-quality images. This requirement is due in part to the fact that the resolution, anatomical image accuracy, and image quality are influenced and can be controlled by the person acquiring the image. The operator must have a good understanding of ultrasound technology, the capabilities and limits of the ultrasound system and transducers, and a thorough knowledge and understanding of the anatomy and function of the target organ. Furthermore, because ultrasound imaging is operator dependent, there can be small differences in the images obtained by two different operators. The impact of this limitation can be addressed by utilizing a single operator to image all animals on a given study. The person analyzing the image can also influence the accuracy of the quantitative data. Therefore, the person analyzing the data must also be well skilled and analyze the data consistently. Despite these concerns and limitations, low inter-and intraobserver variability has been reported for M-mode echocardiography in the rat ) and M-mode and 2-D echocardiography in the mouse (Scherrer-Crosbie et al. 1999a; Tanaka et al. 1996) . Moreover, numerous publications indicate that ultrasound imaging has been used successfully to determine differences in cardiac structure and function in rats and mice despite these concerns.
In humans and many larger species, ultrasound imaging is routinely performed on conscious, nonanesthetized subjects. In contrast, the majority of studies published to date using ultrasound imaging in rats and mice have been performed imaging anesthetized subjects. The fact that most anesthetic agents can affect cardiac function could be considered a limitation. At the time of this writing, there is one publication demonstrating the feasibility of performing ultrasound imaging in conscious mice (Yang et al. 1999) . However, it is necessary to weigh the effect of restraint-induced stress against that of an anesthetic agent in deciding whether to attempt imaging in conscious rodents.
The remaining limitations of ultrasound imaging relate to the characteristics of the imaging modality. As previously mentioned, ultrasound imaging is limited by bone-and gasfilled structures, therefore ultrasound is not routinely capable of brain and spinal cord imaging. Abdominal ultrasound can also be affected by gas-filled intestinal segments. Not all ultrasound systems have the temporal resolution to accurately image mouse hearts, so care must be taken to monitor and determine the imaging frame rate of a given application and system. Ultrasound imaging also has less spatial resolution at deep tissues due to the frequency (wavelength)-dependent inverse relation between resolution and depth of penetration. Although this is not currently a significant limitation when imaging rats and mice using commercially available systems, it might limit the utility of ultrasound biomicroscopy in imaging deeper structures in these species.
Although ultrasound imaging is quite capable of obtaining images that can be quantified to provide structural and functional information, it is far less capable of obtaining metabolic, chemical, and binding interaction information compared with other imaging techniques. Due to the fact that ultrasound imaging relies on an externally generated signal rather than a tissue-specific chemical signal, as in the case of magnetic resonance imaging phosphorous spectroscopy, it does not provide information about the chemical and metabolic status of the tissue it is imaging. Although there is interest in developing ultrasound contrast agents with specific surface ligands for binding location and quantification, positron emission tomography is currently more capable of these types of studies.
Ultrasound Imaging as Refinement and Advancement in Technology
The application of noninvasive ultrasound imaging in research, and particularly the imaging of rats and mice, represents both a significant refinement and an advance in research techniques. As a refinement in research technique, ultrasound imaging can replace more invasive techniques that cause pain and distress. For example, transthoracic echocardiography has been used to evaluate LV morphology and function. In this application, it can be used to determine cardiac output and stroke volume and thereby replace the use of surgically implanted aortic flow probes or sonomicrometer crystals. This use not only reduces animal pain and distress, but it also obviates a postoperative healing and recovery period as well as possible implant-related complications. Furthermore, transthoracic echocardiography has been validated for the determination of LV mass. Before the application of ultrasound to determine LV mass in rats and mice, the most common method of determining LV mass was euthanasia and weighing of the harvested LV. Because ultrasound imaging is noninvasive, LV mass can be followed serially in the same animal, thus reducing the number of animals required for a study as well as increasing statistical power, with each animal serving as its own control. This capability to determine structural and functional progression of target organ or tumor disease processes, and response to a therapy noninvasively, is indeed a powerful advantage of ultrasound imaging.
Ultrasound imaging also represents a significant advancement in research techniques for rats and mice. For evaluating rat and mouse heart structure and function, there is essentially no other single technique, invasive or noninvasive, that can provide the same detailed information as quickly and accurately as properly performed ultrasound imaging.
Summary
Ultrasound imaging is a versatile, dynamic multiformat imaging technology that has many current and potential applications in research and, in particular, research using rats and mice. Additionally, noninvasive ultrasound imaging represents a significant refinement as well as an advance in the ability to obtain quantitative structural and functional information from many different target organs. Many commercially available ultrasound systems now have spatial and temporal resolution to image many target organs in rats and mice accurately. In particular, the use of ultrasound imaging in cardiovascular research using rats and mice has increased steadily since the mid-1990s, and it is becoming an essential tool in phenotyping and studying genetically engineered mice. The focus on developing high-frequency, high-resolution transducers in ultrasound biomicroscopy will likely further improve ultrasound imaging capabilities, and particularly in work with mice. The rapidly advancing field of diagnostic ultrasound imaging holds the promise of new imaging formats and technologies that will further improve the imaging of small research animals.
